A progesterone analog has been covalently linked via an amide bond to polyethylene oxide (molecular weight, 20,000). This macromolecular steroid molecule displays the biological activity of progesterone in inducing meiotic maturation when incubated with Xenopus laevis oocytes (stage VI) in vitro. Its efficiency (half-maximum effective concentration, 30 gM) is approximately 10 times lower than that of its low molecular weight homolog (3 ;&M). Control experiments with polyethylene oxide and an estradiol derivative (up to 1 mM) assessed the specificity of the progesterone macromolecular analog. Uptake experiments using radioactive derivatives revealed a small (if not negligible) intake of the macromolecular progesterone analog by the oocytes compared to that of free steroids, and no parallelism was found between radioactivity incorporation and effect. The possibility of cleavage of the macromolecular derivative during the incubation was ruled out. Furthermore, injection of the polymer-linked progesterone into the oocytes did not induce maturation. These observations suggest that the macromolecular progesterone analog itself is responsible for the biological effect and that the presence of this compound inside the cell is neither necessary nor sufficient for triggering reinitiation of meiosis. These conclusions are in agreement with the proposal that interaction with the plasma membrane of the oocyte is necessary for progesterone action in this particular system, in contrast to the case of somatic cells which have intracellular steroid receptors. Amphibian oocytes are arrested at the prophase of the first meiotic division. Meiosis is physiologically reinitiated by progesterone released by follicle cells under pituitary stimulation (1). During this period of "maturation" (2) the germinal vesicle undergoes dissolution and meiosis continues up to the second meiotic metaphase.
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When incubated in vitro with progesterone, Xenopus laevis oocytes devoid of surrounding follicle cells undergo maturation (3, 4) . A few hours before germinal vesicle breakdown (GVBD), an intracellular inducer of maturation [maturation promoting factor (MPF)] appears in the cytoplasm of progesterone-treated oocytes (5) . Its appearance is dependent on protein synthesis but not on transcriptional activity (6, 7) . So far, no soluble progesterone receptor has been described in this system although the particulate fraction, melanosomes, has been reported to bind progesterone specifically (8, 9) . These observations on germinal cells are not compatible with the current models of mechanism of steroid action in somatic cells which require transcriptional events mediated by an intracellular hormonereceptor complex (10) (11) (12) .
Because progesterone is inactive when injected into the oocyte (6, 13) , it is conceivable that hormone action implies an
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interaction of the steroid with the oocyte plasma membrane. As suggested by experiments with ionophore A23187 (14) and specific ionophoresis (15) , it could then lead to subsequent modifications of Ca2+ distribution. Recently La3+ (10 mM), which displaces Ca2+ from membrane sites (16) , was also shown to induce maturation (17). A series of amphiphilic drugs that interact with membranes also had an effect on meiosis that was strongly correlated to their capacity to displace Ca2+ (18) . Some organomercurials induce maturation, possibly through an interaction with SH groups of the membrane, because their capacity is inversely related to their ability to penetrate the cell (19) . Finally, the inhibition of progesterone-induced maturation by theophylline (20) and wy-hexachlorocyclohexane (21) (22, 23) to yield 3-oxo-4-androstene-17ft-carboxylic acid (ACA). Amidification with isopropylamine led to 3-oxo-4-androstene-17,B-amidoisopropane (AAI). ACA was coupled to a,w-bis-aminopropylaminopoly(EO) 20,000 by a mixed anhydride method involving amide bond formation (24) . The resulting polymer-linked steroid was named ACA-poly(EO) (Fig. 1) apparatus. The aqueous phase containing ACA-poly(EO) was dialyzed against water and evaporated under reduced pressure. Absorbance at 240 nm indicated that 0.65 mol of ACA was bound per mol of the polymer. This value is an average and does not take into account the probable simultaneous presence (in unknown proportions) of the three different species of a,wbis-aminopropylamino-poly(EO) binding to no, one, or two molecules of ACA.
When radioactive material was synthesized, 0. The synthesis of estradiol-7a-butyric acid and its coupling via an amide bond to a,w-bis-aminopropylamino-poly(EO) 6000 leading to E2-poly(EO) were reported elsewhere (24).
Biological Assays. Ovarian fragments were digested with 0.2% collagenase in phosphate-buffered Barth's solution (pH 7.4) (25). After 1.5-2 hr at 280, the oocytes were washed with the culture medium. In most of the experiments, sterile defined nutrient oocyte medium (26) was used, but in some experiments modified Barth's saline solution was used (27) . Full-grown oocytes [stage VI (28) ] were selected and incubated in petri dishes containing 2 ml of medium. In each experiment, oocytes were obtained from the same animal. Stock solutions of steroids in ethanol were diluted in the petri dish to the required concentrations. The final concentration of ethanol did not exceed 1% (vol/vol); at this concentration, ethanol had no effect on oocyte maturation. The poly(EO) derivatives were directly dissolved in the culture medium and their molar concentrations were expressed in terms of the steroid. Oocytes were continuously exposed to the inducer at 19-20°for 16 hr, and GVBD was scored. Criteria of maturation (GVBD) and cytological techniques have been described (5). The external concentration able to promote 50% GVBD was taken as the half-maximum effective concentration (EDo).
MPF transfers were carried out as described (25) . In microinjection experiments, 100 nl of a solution of the inducer in medium was injected into the oocytes which were further incubated in steroid-free medium and scored for maturation.
Protein Synthesis Analysis. Protein synthesis was analyzed after 16-hr incubation with the inducer, by using a doublelabeling technique and sodium dodecyl sulfate/polyacryamide gel electrophoresis (29, 30) .
Column Chromatography of ACA-Poly(EO)% A 60 X 2. First, the samples mixed with Instagel (10 ml) permitted determination of the total radioactivity of the sample. Second, to measure selectively the radioactivity of the free steroid molecules in the presence of the polymer-bound radioactive steroid, we used a two-phase system in which the aqueous sample (up to 0.1 ml) was agitated with 10 ml of a toluene-based scintillation liquid (4% Omnifluor). In this case, only the free steroid molecules (hydrophobic) extracted by toluene are assayed (the polymer-bound ones remain in the aqueous phase). The radioactivity detected in emulsion was called "total" whereas that detected in the two-phase system was refered to as "free." The ratio of free to total was calculated for each sample As a positive control, cortisol § was injected and promoted GVBD in 60% of the oocytes.
In order to check whether the activity of ACA-poly(EO) could be due to the presence of low molecular weight components (i.e., free ACA) in the preparation, the biological activity was tested after gel filtration (Fig. 2 inset) . The absorbance profile showed a lower resolution than that shown in the main figure, probably due to the overloading of the column necessary to obtain detectable biological activity in the fractions. The curve of the biological activity was parallel to that of the absorbance, with a maximum in a zone of high molecular weight. Less than 1.5% of the total biological activity of the preparation was found in the region where free steroids are eluted.
In order to exclude the possibility of hydrolysis occurring during the course of incubation with the oocytes, ACApoly(EO) was first incubated with oocytes and then the whole incubation medium was subsequently ultrafiltered. The ultrafiltrate and the material remaining in the tubing were tested for their activity in inducing maturation. Most of the biologically active material remained in the tubing (data not shown). It was calculated from the dose-response curves that <0.2% of ACA could have been present in the medium during the maturation process.1 Estimation of the free steroid content of the oocytes was based on radioactive methods and is reported below.
Altogether these results indicate that the biological activity is associated with the high molecular weight material and not with free steroid contaminating the preparation or released in the medium during the incubation.
Uptake of the Poly(EO) Derivatives by the Oocytes. Free steroids (10 1M) were rapidly taken up by the oocytes (Fig. 5) .
In the case of [3H]ACA, the uptake ratio reached 0.7 after 30 min and then increased more slowly. After 7 hr (i.e., after maturation had been attained), the ratio was 1.1. The uptake of [3H]AAI was similar.
[3H]Progesterone was taken up more actively; after 1 hr, the uptake ratio was >2. The general pattern of the uptake was similar when concentrations 10 times higher (100 tuM) were used and did not show any tendency to saturation, suggesting a nonspecific mechanism. § This effect of injected cortisol, which is not obtained with progesterone, has been explained by leakage of this relatively hydrophilic hormone into the external medium (32).
IThe GVBD score recorded after incubation of fresh oocytes with the ultrafiltrate was 7%. The concentration of free ACA required to account for this effect would be only 0.2 gM or 0.2% of the initial ACA-poly(EO) concentration (100MM). The radioactivity of external medium and of oocyte homogenates was determined, after 16-hr incubation, by the double assay method. The free/total ratio was corrected for the difference in efficiencies between the two systems.
basis of these results, the concentration of free steroid in the medium was estimated to be <0.2% that of the ACA-poly(EO) and the release of free steroid appeared to be insignificant in both medium and oocytes.
DISCUSSION
This report demonstrates that a high molecular weight progesterone analog is active in inducing meiotic maturation in X. laevis oocytes in vitro.
Because the polymer-bound steroid was only l/o as efficient as its low molecular weight precursor, it therefore was critical to be able to rule out the possible presence of traces of this compound in the polymer preparation; a contamination of 10% by ACA would be sufficient to account for the effect of the polymer derivative. Two controls were obtained which allow us to exclude this possibility. Gel filtration prior to biological assay indicated that the polymer-bound steroid is itself able to induce maturation and that the contamination by free steroid can be estimated as less than 0.15%. The detection of free steroid by the double assay method also showed a negligible level of such a contaminant. No increase of this level was detected during the course of incubation in the medium, making unlikely the release of free steroid during the maturation process. Furthermore, oocytes are able to concentrate such molecules, as revealed by uptake experiments, and if a release would occur it would have been possible to detect free steroid in the homogenate. On the basis of these results, it was calculated that no more than 0.2% of ACA was present which is in agreement with the chromatographic data (n0.15%).
On the other hand, the absence of response to poly(EO) indicated that the polymeric structure alone could not be responsible for the effect. Moreover, the lack of effect of E2-poly(EO) was an additional control.
Other studies have demonstrated that a biologically active compound linked to a polymer can interact specifically with a recognition structure and lead to the biological effect. Such a possibility underlies the method of affinity chromatography (33) , and hormonal effects have been obtained with various polypeptide hormones linked to insoluble matrices (34) . This field was recently extended to small molecules linked to soluble polymers and successful results have been obtained with steroids (24) , acetylcholine antagonists (35) , and isoproterenol (36) . In this last case, the biological activity of the polymer-drug complex was retained, but a decrease of 2 orders of magnitude in efficiency resulted from the attachment of the drug to the polymer (36) .
Poly(EO) is commonly used as a marker of the extracellular compartment and its hydrophilic properties are believed to prevent its incorporation into cells (37, 38) . Evidence exists that high molecular weight proteins such as vitellogenin (39, 40) and cholera toxin (41) can go through the vitelline envelope and reach the plasma membrane. It therefore seems unlikely that poly(EO) of molecular weigh 20,000 would not be able to reach the plasma membrane. However, it was necessary to verify that this compound cannot penetrate across the oocyte membrane. The data obtained showed a restricted entry of poly(EO) into the oocytes, which was not modified by the attachment of the steroid. The entry of ACA-poly(EO) was less than 1/%o that of its low molecular weight homolog ACA. The low amount of ACA-poly(EO) associated with the oocytes may reflect entry into the oocytes by any mechanism, including endocytosis which is reduced at this developmental stage of the oocytes (28) . In fact, it could be due as well to a trapping of the polymer in the glycoprotein layer of the vitelline membrane. ACA (42) . Estradiol, which is taken up with kinetics similar to those of progesterone, elicits no response (1, 42) . Finally, the failure of ACA-poly(EO) to induce maturation when injected into the oocytes also is evidence against a correlation between uptake and action. Therefore, ACA-poly(EO), which induces maturation without entering the cell and which is inactive when injected into the cell, must exert its effect through an interaction with the plasma membrane.
We conclude from the present studies that the steroidpolymer complex exerts its effect in the conjugated form. Data dealing with the induction of meiosis by progesterone in amphibians (reviewed in the Introduction and in ref. 43 ) and by 1-methyladenine in starfish (44, 45) ) have led to the hypothesis that a decisive step of meiosis reinitiation is the interaction of the hormone with the plasma membrane of the oocyte. We think that the present data provide more direct support for this model.
